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Abstract 

As clean-energy driven electric vehicles, devices, and other renew

able technologies are progressing towards full-scale commercialization 

t here exists some impediments in t he efficacy of energy storage tech

nology. This need to be addressed for t hem to become more attractive 

and replace convent ional energy sources. In t his regard , Li-ion bat

tery wit h organic anode materials can play a vital role, since t hey 

are cheap to produce, easy to tailor wit h desirable functional groups, 

and have seen shown wide acceptance as an electrode material in t he 

past . In t his present work , we look at carboxylic group-based 1,4,5,8 

Napht halenetetracarboxylic Anhydride (NT CDA) as an anode ma

terial. Recent experiments found NT CDA to have a specific charge 

capacity of 1800 mAg/h, wit h steady performance over a large number 

of charge/discharge cycles. Our methodology involves placing Li ions 

and atoms on a pre-opt imized NTCDA geometry, where t he location 

of each Li species is chosen based on a potent ial energy surface study 

of NTCDA. We carried out t he process for 1-24 Li atoms, and 1-5 Li 

ions, by generating 100 conformers of each NT CDA and Li/ Li+ con

figuration. We conducted DFT calculations employing PBE0 method 

and def2-SVP basis set along with dispersion correction, to find t he 

absorpt ion energy and natural population analysis data of t he most 

stable conformer. We repeated such geometry opt imization calcula

tions for t he 5 most stable conformers with TZVP basis sets. After-
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wards , we scanned the trends of binding energy, and visualised the 

least-energy structures to find the number of Li ions, and atoms that 

can attach to the NTCDA surface. We also calculated Fukui indices 

for NTCDA, which revealed the number of covalent bond-forming 

sites. We thus predicted the charge capacity of a NTCDA-based an

ode, derived from the total number of Li ions shuttling between the 

two electrodes, and compared with experimental data. 
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Chapter 1 

Introduction 

1.1 Background 

Energy storage is one of the major bottlenecks in the commercialization of 

advanced clean energy technologies such as electric vehicles, electrified trains, 

plug-in hybrid electric vehicles etc. [I] . The primary drawbacks of their existing 

batteries are: low-charge capacity and slow charging rate as compared to con

ventional fossil fuel-based vehicles [2] . It is also a challenge to store energy from 

intermittent energy generating sources such as solar, wind etc. [3]. In recent 

decades, rechargeable batteries have played a pivotal role in energy storage in 

many applications. However, there are still several hurdles to overcome for them 

to become the ultimate solution for energy storage [4, 5]. 

Lithium ion battery (LIB) has been successfully utilized as a key component 

in compact electronic devices including cell phones, laptops etc ., and importantly, 

LIBs have been shown to provide short-term solution for renewable transporta

tion technology, and energy storage [6]. LIBs have also shown higher energy 

density and longer cycle-life than other contemporary batteries such as nickel 

metal hydride , lead-acid, nickel-iron etc. They are also more stable in high tern-
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peratures, have low self-discharge, and have shown a high charge efficiency of 

90% [7] . A comparison of LIBs in terms of energy density with respect to other 

battery technologies has been summarized in Figure 1.1. 
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Figure 1. 1: Comparison of LIB performance with other batteries in terms of 
volumetric, and gravimetric energy density [7] . 

Thus, augmenting the capacity and functionality of existing LIB technology, 

seems a prudent and viable solut ion. Hence, there is a high demand for next

generation LIBs with high energy density, which are intrinsically safe, can be 

produced from cheap raw material, and are stable for its runtime. 

1.1.1 Working principles of Li-ion battery 

LIBs primarily consists of two electrodes i.e. anode and cathode, an elec

trolyte system (usually a lithium salt in an organic solvent) , and a current col

lector in contact with both electrodes to allow transfer of electrons. This design 

has been shown in Figure 1.2. The battery functions by first moving Li ions from 

cathode to anode, where it intercalates in between layers of t he anode material. 
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Figure 1.2: Schematic illustration of a typical LIB, where graphite and LiCoO2 

are used as anode and cathode, respectively [8]. 

T his happens t hrough t he application of external energy, to overcome t he natural 

potent ial barrier. T his process is termed as charging or anode loading. T here 

is also a membrane placed between t he electrodes which selectively allows only 

the ions to pass and restricts t he flow of electrons to prevent short-circuit ing. 

Subsequently, when t he battery is used as a power providing source , i.e. when 

an external device is connected to complete t he circuit, t he Li ions stored in t he 

anode shuttles back to t he cathode as a result of lower chemical potential at t he 

other end. T his chemical reaction has been shown below. 

T he overall cell reaction is: 

Here, M stands for transit ion metals and C6 for graphite . In our present work, 

we will test an organic material as a replacement of graphite-based anode. 
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1.2 Anode Materials 

Current ly, graphite is t he most popular anode material, wit h a charge capacity 

of 365 mAh/ g, while LiCoO2 is t he most popular cathode material, which is also a 

mult i-layered compound like graphite. The reason that graphite is t he dominant 

anode material is because of its low voltage and excellent performance [7] . Various 

materials have been tried out but t heir high voltage leads to a low energy density. 

Low voltage is a key requirement for t he anode [9]. 

Here is a list of some major criteria for selecting an anode: 

• high charge capacity. 

• material stability between subsequent charge/discharge cycles. 

• very little or no volume change during charge/discharge cycles. 

• low cost of manufacturing. 

• wide availability of raw materials. 

• intrinsically safe. 

• consistent capacity over a large number of charge/discharge cycles. 

Given t he stringent requirements of t he LIB anode, a wide array of materials 

have been explored; from transit ion metals [13], to graphene-based materials [10, 

12, 14] and carboxylic-based materials [15]. Transit ion metals such as Si, Ti , 

Ge etc ., have shown promising results as high capacity electrode materials [11] . 

However, it has been observed t hat t hey undergo high volumetric change and 

often t imes a solid electrolyte interphase (SEI) layer is formed, which is due 

to t he highly reactive nature of transit ion metals. Both of t hese phenomena 

contributes to catastrophic loss in battery performance after t he init ial cycles. 

Another concern is t he environmental impact of t he transit ion metal production 

industry. A major portion of t he metal used in t he battery cannot be recycled 
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and had to be disposed [16]. 

Hence, an organic-based system fits perfectly well with the vision of environ

mental sustainability. The above discussion is summarized in Figure 1.3. Some of 

the other key benefits of an organic anode over metal-based ones would be: low 

cost , very little volume change during charge/discharge, little capacity change 

over a large number of cycles, recyclability etc. [1 7]. 

Banery 
matutlng 

el R'9'...,..energy~ 
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Figure 1.3: A schematic illustrating cycle-life of metal-based anode (top) and 
organic-based anode (bottom) [16]. 
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1.3 First-Principle Modeling of Li-ion batteries 

In first-principle modeling, equations such as the Schrodinger equation, are 

solved to derive the ground-state structures and then subsequently, properties 

of the material. These methods are based on fundamental laws of physics such 

as quantum mechanics and statistical mechanics, and hence they generally don 't 

require experimental data as input beyond the elements, geometry information, 

and some basic molecular features such as total charge of the system, spin mul

tiplicity etc. [18]. These computational methods are known for their rigorous 

handling of structures at the atomic level. 

From the 1990s, researchers have been trying to predict major characteristics 

of LIBs through first-principles modeling. Some of the properties which have 

been successfully predicted are: intercalation voltage, phase stability, band gap, 

adsorption energy (binding energy) , Fukui indices etc. Some of these properties 

such as band gap and phase stability are derived using plane wave density func

tional theory (DFT) with pseudo-potential approach , which works excellently for 

crystalline systems with known lattice parameters [19]. However, in case of sys

tems such as an organic polymorph material, where the lattice parameters and 

unit cell arrangement are not known, a molecular approach, better known as 

Kohn-Sham (KS) DFT or molecular DFT, is used to study the material chem

istry [20]. Many organic systems fall in the latter category and properties such 

as binding energy, Fukui indices, Gibbs free energy could be predicted using this 

method. 

Another important difference between the two methods is the computational 

cost, as molecular DFT tends to be cheaper than the plane wave approach due 

to the fact that the latter method involves a huge cost of considering a vacuum 

layer [21] . Also, the plane wave approach requires a pseudo-potential for the 
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frozen core shell electrons, which is again a layer of abstraction added to t he 

calculation. While no such assumption is made in case of molecular DFT . Thus, 

it can be concluded t hat for battery systems wit h completely unknown geometry, 

a molecular DFT approach is adequate. 

1.3.1 Carboxylic-based Organic Molecules and their Com

putational Modeling 

Carboxylic-based organic materials offer some unique advantages . They have 

been shown to be t hermally stable, have high electron-transfer rate, and possess 

high cyclability. Their operating potent ial is also slight ly more on t he posit ive 

side t han both graphite, and Li transit ion metal oxides [20] . This higher oper

ating potential avoids SEI formation and also prevents breakdown of electrolyte 

solvents. Also, t hey can be produced from waste raw materials or renewables 

(e .g., terepht halate can be produced by recycling polyethylene terepht halate), 

which is highly beneficial to t he environment . 

In t his class of carboxylates, researchers have identified many potential molecules 

t hat have shown promising results. We choose to study 1,4,5,8 napht halenete

tracarboxylic anhydride, better known as NTCDA. Han et al. had reported a 

NTCDA-based polymorph of having a capacity as high as 2000 mAh/ g with an 

operating voltage of 3.0 V [22]. In our present work we collaborated with Dr. 

Gang Wu's group at t he University at Buffalo, Chemical and Biological Engi

neering department . Dr. Wu 's group worked on t he synthesis of t he NT CDA 

compound, and for better stability t hey added carbon black and PVDF (poly

tetrafluoroethylene binders) in t he ratio of NT CDA: Carbon black: PVDF , as 

60:35:5 by mass. T he compound is expected to be crystalline in nature and t he 

addit ion of mult iple polymers is supposed to provide stability for a large number 
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of cycles. 

In our work, while modeling t he NTCDA and Li system, we focused on basic 

molecular properties such as binding energy, population analysis, Fukui indices 

etc. We carried out computations involving both Li atoms and ions, and t hrough 

this procedure, we hoped to find what is t he maximum number of Li atoms 

and ions NT CDA can bind. In t his regard, Burkhardt's work on modeling of 

12 carboxylate-based organic molecules is also essent ial [20] . They showed how 

molecular DFT can help predict essent ial anode performance indicators. We did 

an exhaustive geometry opt imization study to derive t hese properties after finding 

least-energy configurations of NTCDA and Li system. 

Figure 1.4: Structure of 1,4,5,8 Napht halenetetracarboxylic Anhydride 
(NT CDA) . 

We used molecular DFT method since t he lattice parameters of t he NTCDA

crystal polymorph were unknown. Also, we assumed t hat Li atoms can only come 

from t he top as t here are mult iple layers of NTCDA stacked on to one other and 

t he interlayer distance was expected be very small, and should only accommodate 

a single layer of Li/ Li+ species interacting with NTCDA. This is also t he case 
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with graphite anode, where a single layer of Li intercalates in between graphite 

layers [23]. However, there would be cases of organic materials such as amorphous 

carbon or a crystalline system with large interlayer distance where Li adsorption 

from both top and bottom side could be possible. 

1.4 Geometry optimization 

Geometry optimization is defined as the method of determining an arrange

ment in space, of an assembly of atoms where the net interatomic force on each 

atom is nearly zero and the molecule is most stable. Typically, the energy level of 

stable molecules is low, consequently it determines the lowermost energy value of 

the molecule and attests the position of the molecule to a stationary point on a 

potential energy surface (PES) [24]. PES is a mathematical correlation between 

different molecular geometries and the corresponding single point energies. These 

values are commonly shown in a three-dimensions of the graph. Also, Geome

try optimization usually takes certain number of iterations to converge and are 

generally accomplished at the density functional theory (DFT) level. 

We performed geometry optimization starting from an initial configuration, 

obtained using pre-optimization steps, and resulting in a configuration very close 

to the ground state. Most pre-optimization steps are performed using force field 

molecular dynamics simulation. Softwares which can be used to perform such 

calculations are: OpenBabel, Avogadro and Chemcraft etc. Cheap semi-empirical 

methods such as PM3, also work for pre-optimization as they get over in little 

time. In some cases, the use of internal coordinates causes the program to either 

stop, or consume more time for optimization. In such cases, it is possible to switch 

to cartesian coordinates to achieve convergence relatively faster. Throughout our 

study, we adopted the cartesian coordinate system. 
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1.4.1 Constrained geometry optimization 

Constrained geometry optimization is a method where certain pre-selected 

atomic coordinates are fixed in space, while only a few selected atoms are allowed 

to move in t he opt imization process. 

In our case, t he NT CDA system was a polymorph linked t hrough hydrogen 

bonding, and hence t he ent ire material should be very stable. Hence, constraining 

t he NT CDA base structure during geometry optimization made perfect sense 

as only t he posit ion of Li atoms or ions would change during t he experimental 

process. This was done computationally by constraining t he oxygen, hydrogen 

and carbon atomic coordinates in t he input fi le itself. This also saved some 

computational cost as t he degrees of freedom was lesser t han if we had allowed 

the whole geometry to relax. Addit ionally, t his reduction in convergence t ime 

allowed us to check a large number of conformers of t he NTCDA + Li system. 

1.5 Natural Population Analysis and Fukui In

dices 

Natural population analysis (NPA) is one of many methods to calculate 

atomic charges and orbital populations. This method was introduced by Wien

hold et al. in 1985, and since t hen had been widely used [25]. The calculation is 

more numerically stable t han Mulliken population analysis, another widely used 

method [26]. NPA informs us about t he nature of interactions taking place among 

different atoms such as ionic, covalent etc. It is also very essent ial for tracking 

t he atomic charge of individual atoms and t heir interactions wit h other systems. 

NPA calculation also depends on t he basis set and t he level of t heory as t he 

orbital populations are derived from the molecular wave function. 
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Like NP A, Fukui indices or Fukui functions are also an important set of pa

rameters which gives insights about t he electrophilic and nucleophilic sites in 

t he molecule [27]. Fukui indices are derived from t he difference in population of 

front ier orbitals when a single electron is added or removed from t he system. 

To elucidate t his, an electrophilic Fukui index would be: 

f a- = P (N) - P (N - I ) (I.I ) 

W here 'a-' stands for electrophilic fukui indices corresponding to atom 'a ' . P 

is t he population of 'a"s frontier orbital, and N would be number of electrons in 

t he system. This analysis is crit ical for modeling batteries, since we can get t he 

location of electrophilic sites onto which Li atoms could readily bind. 
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Chapter 2 

Methods 

2.1 ORCA 

ORCA is an ab init io, density functional theory (DFT) , semi-empirical SCF

MO package written by Frank Neese [28]. The principal levels of t heory im

plemented in ORCA range from DFT and ab-init io, to many-body perturbation, 

coupled cluster and multi-reference models. It is extensively used to predict spec

troscopic properties of large molecules and transit ion metal complexes. ORCA 

is capable of performing geometry optimizations, t hermochemistry calculations, 

t ime-dependent implementation of DFT, relativistic approximations, and many 

other calculations. ORCA is also an open-source program, which makes it easier 

for academic users to reproduce computational results. 

The input to ORCA is a coordinate fi le, which includes respective atomic po

sitions and connectivity information. Another input is a .inp file, which tells the 

program what calculations are to be performed along with system-information 

like multiplicity and total charge. A sample input file would contain the follow

ing keywords: 
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! PM3 def2-SVP OPT XYZFILE 

% geom Maxlter 200 end 

*xyzfile 0 2 Final.xyz 

Where PM3 is the level of theory, def2-SVP is the basis set , OPT for optimiza

tion instruction, and XYFFILE indicates that coordinate information is in a XYZ 

file named Final.xyz. The rest of the commands informs ORCA about the max

imum limit for the number of geometry optimization iterations, and the charge 

and multiplicity information. Also, ! stands for primary instructions whereas % 

stands for additional information for the primary instructions, and followed by * 

to identify system information. 

With ORCA, we performed geometry optimizations, natural population anal

ysis (NPA) , and single point energy (SPE) calculations. We performed the com

putations using B3LYP and PBE0 functionals, which are both hybrid DFT func

tionals [29-30]. These functionals represent a class of approximations to the ex

change correlation energy functional in DFT that incorporate a fraction of exact 

exchange from the Hartree-Fock theory, and the rest of the exchange-correlation 

energy from other sources (ab initio or empirical). We used both of these function

als due to their high accuracy and lesser computational cost compared to similar 

functionals. Also, for our basis set, we used both split valence polarization (SVP) 

and valence triple-zeta polarization (TZVP). 
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2.2 Avogadro 

Avogadro is an open-source molecule editor and visualization software de

veloped by Hanwell et al. [32]. It was designed for cross-platform use in com

putational chemistry, molecular modeling, bioinformatics, materials science, and 

related areas. We can generate input files, coordinates files, and various other 

files tailored for widely used computational chemistry and molecular simulation 

codes like ORCA. Also, it supports preliminary force-field optimizations which 

can be used to optimize structures before feeding them into more rigorous and 

precise codes. 

2.3 Computational protocol 

2.3.1 Potential Energy Surface (PES) study 

For finding Li storage capacity of NTCDA, we had to find how many Li atoms 

and ions can NTCDA bind. All other relevant properties can be calculated once 

we had that final geometry. The mechanism of Li adsorption on organic-based 

anodes generally involves non-covalent (Van der Waals) bonding with a certain 

number of Li atoms intercalating in between anode sheets [34]. However, this may 

not be true in presence of strong reactive sites like the carboxyl groups, which 

increases the likelihood of covalent bonding. Since both of these interactions 

should ideally happen at different intermolecular distances, a prior knowledge of 

the optimum z-axis distance between the Li atoms and the NTCDA base was 

paramount. This would have given us necessary information for the initial guess 

geometry of DFT calculation step, for starting geometry optimization. 

Hence, to understand the nature of NTCDA and Li interactions, we placed 

a single Li atom on NTCDA plane at 9 different locations, by changing x and y 
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coordinates, and moving the Li atom along z-axis from 0.5 A to 6.0 A from the 

NTCDA base. As NTCDA is symmetric from both x and y-axes, these points 

were selected only on the upper left quadrant of NTCDA to cover all the viable 

sites. The locations are clearly identified in Figure 2.1. We carried out these 

single point energy (SPE) calculations on ORCA with B3LYP functional, and 

def2-TZVP basis sets. 

Figure 2.1: A display of 9 points chosen on NTCDA plane. The blue sphere 
represents Li atom. As NTCDA is symmetric from both x and y-axis we only 
choose the extreme positions on the top-left quadrant. 

2.3.2 Conformer Generation and Geometry Optimization 

From the PES study, we learned that there would be a large number of 

NTCDA and Li/Li+ conformers with very similar energy and thus we must carry 

out a study to find the lowest energy conformers. However, we didn't had the 

knowledge of how many Li/Li+ would bind to NTCDA. For this, we choose an 

initial set of 24 Li atoms and 5 Li+. Thereafter, we carried out conformer analysis 

for each combination of NTCDA and 'n ' Li/Li+ (where n would be [I, 5] for Li+ 

and [I , 24] for Li atoms). We generated 100 conformers of each such Li and 
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NTCDA combination by randomly choosing Li/Li+ positions with x , y and z

axis in range: [4.5 A, -4.5 Al, [3.0 A, -3.0 Al, and [2.5 A, 5.0 Al, respectively. The 

x and y-axis distances were determined from the dimension of NTCDA and the 

z-axis distance was chosen based on the optimum axial distance from our PES 

analysis. The calculation was done with PBE0 hybrid functional and def2-SVP 

basis set , while including D3 dispersion correction, and CPCM implicit method 

to model the surrounding aqueous environment [33]. 

We also added two constraints in the conformer generation process: 

• all atomic coordinates of NTCDA molecule were fixed . 

• a minimum distance of 2.5 A between Li atoms in the initial coordinates . 

The first constraint was chosen since NTCDA forms a crystalline polymorph 

and the Li adsorption process should not change NTCDA base positions. The 

second constraint is based on an experimental observation by Suzuki et al. [23]. 

They found that when Li atoms bind with graphite , there exists a minimum 

distance of 2.5 A between Li atoms (i.e. close to the bond length Li2 molecule 

of 2.67 A). Introducing such a constraint helped us to reduce entropy i.e. the 

number of different conformers one can generate while simultaneously covering 

most of the chemical space. Li+'s binding energy was found positive for all 500 

cases while the reverse was true for Li atoms. We then sorted the energies for the 

Li atoms and extracted the 5 lowest-energy candidates. 

After extracting the 5 lowest-energy candidates from the initial SVP-based 

calculations, we repeated geometry optimization runs for them with def2-TZVP 

basis set, keeping the same functional. We expected better performance with 

TZVP. Following this TZVP calculation, we calculated the relevant properties. 

This computational protocol has been briefly illustrated in Figure 2.2. 

Also, throughout the conformer analysis, we assumed that Li / Li+ is binding 
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from only t he top-side. T his was based on an assumption t hat t he inter-layer 

distance between NTCDA sheets would only allow a single layer of Li / Li+ to 

bind between 2 layers of NTCDA sheets. T his would be true if no covalent bond 

formation occurs, and t he distance is sufficient ly small enough to allow a single 

layer of Li / Li+'s to form. However, in case of covalent bonding or a large inter

layer distance, t his model will not accurately represent t he NTCDA-based anode 

system and we must consider Li attack from all sides. 

~-------
Re I e vant properties 

ORCA geometry optimization of 5 
least energized conformers(PBEOag,Different X,Y 
method and def2-TZVP basis set)positions Z from 

(0.5 A to 6A) 

fop 5 least·energized 
candidates from each 1-24 

NTCDA + Li atoms 

Py!Hon scrir1t 
to-make new 
Coordinates 

l 
Relevant properties 

Figure 2.2: Computational protocol. 

2 .4 Material Properties 

T he goal of t his work was to explore t he potent ial applicability of NTCDA 

as an anode in LIBs. So, we calculated relevant properties from DFT calcula-
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tions which informed us about performance of NT CDA-based anode. We first 

calculated binding energy (BE) per Li/ Li+, and then t he charge capacity. In t his 

section , we define t hese properties and t heir calculation procedure. 

2.4.1 Binding Energy 

We calculated BE per total number of Li/ Li+ on NT CDA, and 'n' Li/ Li+ 

system by subtracting t he energies of opt imized NT CDA base and 'n ' Li/ Li+ 

from opt imized energy of NT CDA + 'n ' Li/ Li+. 

(2. 1) 

BE indicates t he stability of final molecule/compound wit h respect t o ini

t ial molecule. Any molecular transformation result ing in negative BE would be 

favorable, while subsequent transformations/changes in t he system which don't 

further decrease BE per atom or ion, would be considered unfavorable. Also, all 

the BEs are calculat ed for t he lowest-energy conformers in each of SVP ( chosen 

from 100 conformers) and TZVP-based calculations ( chosen from 5 conformers) . 

2.4.2 Charge Capacity 

Charge capacity is t he property of primary interest to us in t his work. It is 

proport ional t o t he Li storage capacity of an electrode material. As majority of 

carboxylic and ot her organic-based anodes share t he same favorable propert ies 

such as material stability, cyclability, self-discharge rate, safety etc. , t he capacity 

becomes t he decisive factor in choosing an anode material. 
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The charge capacity was calculated from the following equation: 

. ( Ah/ ) _ (N x 26800 (mAh/mol))
C (2.2)apacity m g - M(g/mol) 

In the above equation, N stands for total number of Li atoms bound to 

NTCDA, M is the molecular weight of NTCDA, and 26800 mAh/mol is the 

constant for a gram equivalent charge. Also, N is obtained by subtracting the 

number of Li+ from the number of Li atoms that are favorably binding to NTCDA. 

(2.3) 
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Chapter 3 

Results and Discussions 

3.1 Potential Energy Surface (PES) Analysis 

In chapter 2, we mentioned a preliminary PES study before the DFT calcu

lation step, which is shown in the computational protocol, in Figure 2.2. The 9 

locations chosen for the PES study on the upper-left quadrant of NTCDA plane, 

are shown in Figure 2.1. 

The key findings are presented in Table 3.1. The optimized z-axis distance for 

all 9 locations was between 2.5-5.0 A. The strongest interaction was taking place 

at position 2, at the side ring containing the carboxylic groups, where there was 

a potential energy well of 150 me V. Also, the closest physical interaction takes 

place at position 6 and 9 with a distance of 2.8 A. From this analysis, we inferred 

that initial z-axis distance for DFT geometry optimization should be between 

2.5 and 5.0 A above NTCDA plane. Note that the optimum z-axis distance also 

changes for different point on the NTCDA, depending on x- and y- coordinates. 

Since in this step no geometry optimization was done, we also carried out 

optimizations with same set of Li coordinates. We obtained similar results with 
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Table 3.1: z-axis optimization results a. 

Position x - axis y - axis minimum potential well axial distance 
Index (AJ (AJ energy (in eVJ depth (in me VJ (AJ 

1 0 1.20 -7.33 · 105 80 3 
2 -2.10 1 -7.33 · 105 150 5 
3 -0.72 -1 -7.32 · 105 120 3.20 
4 -1.40 -1.20 -7.33 · 105 40 5 
5 -0.70 -2.42 -7.33 · 105 75 3 
6 -1.25 3.36 -7.33 · 105 60 2.80 
7 -3.52 -1 -7.33 · 105 40 5 
8 -3.50 2.24 -7.33 · 105 50 2.80 
g -2.88 -1.20 -7.33 · 105 10 5 

aThe minimum energy for all positions were very similar except position 3, 
which corresponds to the carbon atom which is at the lower-left position of top 
ring of NTCDA. Also, the strongest interaction as indicated by potential well 
depth, are at position 1, 2, and 3, followed by locations at the edges of NTCDA. 

the exception that at a very close distance from NTCDA, Li atoms were forming 

bonds with the carboxyl group oxygen. 

3 . 2 Conformer Analysis 

In chapter 2, We had described the procedure of generating conformers for 

NTCDA + 'n ' Li/ Li+ system. After the generation process, we optimized the 

geometry of all the conformers (500 for Li+ and 2400 for Li atom). In this step , 

many calculations didn't converge, and we excluded those results. In Figure 3.1, 

the final energies of all conformers for NTCDA and 5 Li+ system are shown. 

Quite a few of the conformers have energies that are very close to the minimum 

within an interval of 0.5 e V, which signifies considerable flatness of the PES for 

this system. 
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Figure 3.1: Final single point energy (SPE) of all conformers for NTCDA + 
5Li+. Barring outliers , significant number of low-energy conformers gave SPE 
values within 0.5 eV of each other signifying a fairly flat PES. All the energies 
are referenced against the lowest conformer (which has been assigned zero energy). 

We also carried out the same study with NTCDA + Li atom system. In 

Figure 3.2, we have shown the final optimized energies for NTCDA + 5 Li and 10 

Li. There were very few outliers in our data and the deviation was similar to the 

Li ion system. However, our results do imply that the least-energy conformers 

are very close to the local minima, with respect to the surrounding points that 

are significantly higher, and we can approximate these geometries to be depicting 

actual ground states for these systems. After this, we carried out the same 

geometry optimizations with the more accurate TZVP basis set for the 5 lowest

energy conformers with the same DFT functional. These calculations agreed with 

the SVP calculations. 
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Figure 3.2: F inal SPE of all conformers for NTCDA + 5 Li and NTCDA + 10 Li. 
The majority of low-energy conformers are close, within the range of 1.0 eV. All 
the energies are referenced against the lowest conformer ( which has been assigned 
zero energy) . 

3.3 Binding Energy Analysis 

3.3.1 Binding Energy Analysis for Li ions 

We plotted the BE per Li+ vs. no. of Li+ added on NTCDA for the lowest 

energy conformers. As shown in Figure 3.3, all the BE data were positive which 

shows that no Li ions binds to the NTCDA structure. This means that all the Li+ 

should return to the cathode during the discharge cycle. These results aligned 

with a general behaviour observed with organic anode materials-that they un

dergo zero to minimum capacity loss during the charge/discharge cycles. Also, 

we only selected the lowest energy conformers for BE calculations, which shows 

that all the conformers exhibit posit ive BE. 
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Figure 3.3: Binding energy per Li+ with respect to number of Li+ on NTCDA. 
The BE data is derived from the lowest energy conformer for each NTCDA + 
Li+ system. The positive BE indicates no Li+ is binding to NTCDA. 

3.3.2 Binding Energy Analysis for Li atoms 

Figure 3.4 shows the BE per Li atoms vs. number of Li atoms on NTCDA, 

where BE increases in positive direction , implying a progressively lesser tendency 

of binding Li atoms and at 15 atoms, it converges. Again, these energy values 

are taken from lowest energy conformers from the analysis. Also, a number of 

dilithium molecules were found to be forming starting from the 12 Li configura

tion . The actual number of dilithium molecules might be different if we consider 

the next low-energy conformers but the propensity of the system to form dilithium 

is very evident as we go on adding more Li atoms. This study shows that 15 is 

the maximum number of Li atoms NTCDA can adsorb. 

Similar trend was observed when a more accurate TZVP basis set was used 

for the 5 lowest energy conformers. The BE results for TZVP is shown in Figure 

3.5, where the curve starts to plateau early at 11 Li atoms. 
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Figure 3.4: Binding energy (in eV) per Li atoms and number of Li2 molecules 
formed using PBE0 functional wit h SVP basis set. T he BE curve starts to con
verge at 15 Li and Li2 molecules starts forming at 12 Li. Both t hese phenomena 
are signifying saturation in t he Li binding capacity of NTCDA 

In Figure 3.6, we have shown the experimentally obtained potent ial profile vs. 

total capacity of the NTCDA-based anode battery during the discharge cycle, as 

reported by Han et al. [22]. Our BE data-curve also follows a similar trend as 

t hat of t he experimental potential curve, where t he potent ial reaches a plateau 

at 18 Li. 

In figure 3.7, we show t he structures of the lowest-energy conformer for NTCDA 

+ 14 Li, 15 Li, 18 Li, and 20 Li . T here are 2 layers of Li, one is chemically 

bonded wit hin 2.5 A, and t he other layer is physically bonded wit hin 5.0 A. 

Also, dilit hium formation is visible in all of t he structures. We also notice t hat 

around 8 covalent bonds are being formed ( 4 wit h carboxyl oxygen and another 

4 wit h carbon atoms close to carboxyl group). T his is perhaps t he maximum 

number of covalent bonds t he NTCDA system can form wit h Li atoms and t he 
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Figure 3.5: Binding energy (in eV) per Li atoms and Number of Li2 molecules 
forming using P BEO functional wit h TZVP basis set. T he BE starts to converge 
at 11 Li, earlier t han SVP calculation. 

rest of t he lit hium would physisorb to form a layer on top of covalently bonded 

Li's. Adding more lit hiums would not be favorable as t hey would only get re

pelled from the structure and will not decrease t he overall BE as shown by t he 

BE data-curve in Figures 3.4 and 3.5. 

3.4 Fukui Indices 

We conducted natural population analysis (NPA) on NTCDA base structure 

and obtained t he Fukui indices. Fukui indices show t he number of electrophilic 

and nucleophilic sites in a molecule t hat are most likely to form covalent bonds. 

From our results shown in Table 3.3, we can infer t hat all t he carboxyl group 

oxygen atoms are highly electrophilic along wit h t he 4 carbons at posit ions close 

to t he carboxyl oxygen. T his also validates t he chemical bonding sites shown in 
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Figure 3.6: Potential profile of the discharge experiment of NTCDA using a 
current rate of 20 mAg-1 [22]. 

all the structures Figure 3.7, as there are 8 chemical bonds being formed at the 

locations of highest electrophilic Fukui indices. 

3.5 Charge Capacity 

A comparison of experimental charge capacity with our theoretically pre

dicted capacity is shown in Table 3.2. The predicted capacity with the SVP basis 

set is found to be 400 mAh/g higher than the experimental capacity. While, with 

the TZVP basis set, we predicted a capacity of 1104 mAhg-1
, which is nearly 

equal to the experimentally obtained capacity. However, the sample set in TZVP 

calculation was only 5, where some calculations didn 't fully converged. While, 

the SVP calculations had 100 conformers for each configuration, with majority 

of them fully converging. This makes the SVP-based calculations more reliable. 

27 



14 Li15 Li 

18 Li 20 Li 

Figure 3. 7: A side view of the lowest-energy conformers of NTCDA + 14 Li, 15 
Li , 18 Li , and 20 Li configuration, based on PBE0 and SVP-based calculation. All 
the structures shows 2 layers of Li's attached to NTCDA, one layer is chemically 
bonded (wit hin 2.5 A) and other physically bonded, which is at 3.5-5.0 A. 

Table 3.2: A comparison of experimentally and theoretically predicted charge 
capacity with DFT functional (PBE0 for both) and basis setb. 

Material Experimental Theoretical capacity Theoretical capacity 
capacity with PBEO/SVP with PBEO/TZVP 
(mAh/g) (mAh/g) (mAh/g) 

NTCDA 1100 1505 1104 

bThe SVP-based calculations were done for 100 conformers for each configu
ration of the NTCDA + Li/Li+ system, while TZVP calculations were done only 
for the 5 lowest-energy conformer from SVP results. 
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Table 3.3: Elect rophilic and N ucleophilic Fukui Indices of NTCDAc. 

Atoms N a N a + I N a-I N ucleophilic E lectrophlic 
fukui index fukui index 

0 4.29 4.30 4.28 0.01 0.00 
0 4.29 4.30 4.28 0.01 0.00 
0 4.29 4.29 4.22 -0.00 0.07 
0 4.29 4.29 4.22 -0.00 0.07 
0 4.29 4.29 4.22 -0.00 0.07 
0 4.29 4.29 4.22 -0.00 0.07 
C 3 3.02 3.04 0.02 -0.03 
C 3 3.02 3.04 0.02 -0.03 
C 3.07 3.05 2.90 -0.02 0.17 
C 3.07 3.05 2.90 -0.02 0.17 
C 3.07 3.05 2.90 -0.02 0.17 
C 3.07 3.05 2.90 -0.02 0.17 
C 3.07 3.07 3.04 -0.00 0.03 
C 3.07 3.07 3.04 -0.00 0.03 
C 3.07 3.07 3.04 -0.00 0.03 
C 3.07 3.07 3.04 -0.00 0.03 
C 2.56 2.56 2.58 -0.00 -0.02 
C 2.56 2.56 2.58 -0.00 -0.02 
C 2.56 2.56 2.58 -0.00 -0.02 
C 2.56 2.56 2.58 -0.00 -0.02 
H 0.36 0.37 0.35 0.01 0.01 
H 0.36 0.37 0.35 0.01 0.01 
H 0.36 0.37 0.35 0.01 0.01 
H 0.36 0.37 0.35 0.01 0.01 

cThe highest electrophilic Fukui indices are shown by 4 carbon atoms adj a-
cent to the carboxylic-rings followed by oxygens of the carboxylic groups-centers. 
These positions are most susceptible to undergo an electrophilic attack and as 
shown in Figure 3. 7, and are the predicted sites where Li chemically binds to 
NTCDA. 

29 



Chapter 4 

Conclusion 

NTCDA has conclusively shown posit ive results as an anode material, and 

if we consider SVP basis set-based calculations, we obtain a t heoretical capacity 

of 1506 mAhg-1
. This is substantially higher t han 365 mAhg-1, t he capacity of 

graphite-based anode. We are also over-predicting capacity by 400 mAhg-1 wit h 

respect to t he experimental data (Table 3.2), which could be due to internal 

resistance in t he synt hesized anode material or can be a modeling error. Testing 

t he model on other similar materials would further establish t he relation between 

theoretical and experimental capacity. Another important area of future work 

would be to test Li/ Li+ binding from all sides of NTCDA. As before starting 

DFT calculations, we assumed t hat only physisorption would occur from top of 

NTCDA molecule, since t he distance between NTCDA layers was expected to 

be small enough to allow only a single Li layer format ion between t he layers. 

However, since we find a number of chemisorption sites in Figure 3.7, t here is a 

possibility of mut liple Li layer between t he NT CDA layers, and hence we must 

consider t he effect of Li attack from all sides in fut ure work. 

Also, we must look for ways to get around the large computational cost of 

geometry optimization. For each conformer, it took around one to t hree days for 
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the DFT calculation to converge on a single 16 core node. This time was nearly 

doubled when we employed the TZVP basis set . A data-driven model can be 

built to accelerate the study, so that more materials could be tested in the same 

time-frame. 

In conclusion, our model has shown good results for NTCDA-based anodes. 

However, it is also necessary to study Li attack from all sides, test the model on 

other materials and combine data-driven tools to reduce computational cost . 
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